The complex transformation of a tadpole to a frog during amphibian development is under the control of thyroid hormone (T 3 ). T 3 is known to regulate gene transcription through its nuclear receptors. We have previously isolated many genes which are up-regulated by T 3 in the intestine of Xenopus laevis tadpoles. We have now cloned a full-length cDNA for one such gene (IU12). Sequence analysis shows that the IU12 cDNA encodes a plasma membrane protein with 12 transmembrane domains and homologous to a mammalian gene associated with cell activation and organ development. Similarly, we have found that IU12 is activated during intestinal remodeling when both cell death and proliferation take place. Furthermore, IU12 is an early T 3 -response gene and its expression in the intestine during T 3 -induced metamorphosis mimics that during normal development. These results argue for a role of IU12 in the signal transduction pathways leading to intestinal metamorphosis.
INTRODUCTION
Organogenesis is a critical step during postembryonic vertebrate development. It involves complex but coordinated proliferation and differentiation of various types of cells that specify a given organ. Compared to our understanding of early embryogenesis, relatively little is known about postembryonic organ development. This is in part due to the lack of proper model systems.
Amphibian metamorphosis offers several unique features for studying organogenesis and tissue remodeling [1] [2] [3] . This process systematically transforms various organs of a tadpole and concurrently generates adult frog organs that are highly similar to those in mammals [4] [5] [6] . Furthermore, extensive investigations since the beginning of the century have accumulated an enormous amount of morphological and biochemical information about the metamorphic transformations of various organs or tissues [4] [5] [6] [7] [8] . Finally, this process is absolutely dependent upon thyroid hormone (T 3 , 3, 5, 3'-triiodothyronine) [4, 5, 9, 10 ]. This has made it possible to easily manipulate metamorphosis by simply controlling the availability of T 3 .
The cloning of nuclear thyroid hormone receptors (TRs) and the demonstration that TRs are transcription factors [11] [12] [13] [14] [15] have greatly stimulated the molecular studies on amphibian metamorphosis. Thus, T 3 is believed to bind to TRs, which in turn regulate the transcription of target genes to effect metamorphosis. Therefore, it becomes critical to identify the genes regulated by T 3 and study their regulation and function during metamorphosis.
Using various approaches including subtractive differential screening, different laboratories have isolated many T 3 -regulated genes during amphibian metamorphosis [2, 16, 17] . Included among them are genes which appear to be involved in the remodeling of the Xenopus tadpole intestine. Here we report the detailed characterization of one such intestinal gene. Full-length cDNA cloning reveals that this gene encodes a transmembrane protein homologous to a mammalian protein associated with cell activation. Similarly, we demonstrate here that this gene is activated by T 3 during the proliferation of adult cells in the intestine, implicating a role in the development and maintenance of the adult intestine.
MATERIALS AND METHODS

Isolation and characterization of Xenopus IU12 full-length cDNA clone
The small IU12 (Intestinal Up-regulated fragment #12) cDNA fragment isolated from the subtractive hybridization library [18] was used as a probe to screen for full length cDNA clones from a library made from intestinal mRNA [19] . A clone with a 2.3 kb insert was isolated, sequenced by using Sequenase v.2.0 kit (US Biochemical), and determined to be the Xenopus homology of a human gene associated with cell activation. The Xenopus IU12 sequence reported in this paper is has been deposited into GenBank with the accession number AFO 19906.
Treatment of X. laevis tadpoles and RNA isolation
About 20-40 tadpoles at stages 52-54[20] were treated in 1 liter of dechlorinated tap water with 5nM (T 3 ). The solution was changed daily. Whenever a treatment lasted ＞ 2 d, the tadpoles were fed continuously. The protein synthesis inhibitors cyclohexamide and anisomycin (CHX) were added at 20 and 25 μg/ml, respectively, for 13 h beginning 1 h before the addition of T 3 . This treat-ment inhibits protein synthesis in tadpole tissues by 99% [21] . RNA was isolated as described [22] . The entire tadpole intestinal tract except the stomach region was isolated for analysis.
Northern blot analysis
Total RNA was electrophoresed on a 1% agarose formaldehyde gel and transferred onto a Gene Screen membrane (NEN) after partial hydrolysis with NaOH [23, 24] . Hybridization was done overnight at 42 ℃ in 50% formamide, 5X SSPE, 0.2% SDS, 10% Dextran sulfate, 5X Denhardt's solution, and 100 μg/ml denatured salmon sperm DNA, and the filters were washed three times for 5-10 min each at room temperature in 2X SSC and 0. 2% SDS. Stringent washes were then carried out twice for 25 min each in 0.25X SSC and 0.2% SDS at 65 ℃.
To control for RNA loading and quality, the Northern blots were stained with methylene blue before hybridization [25] . In addition, they were hybridized with the cDNA for the ribosomal protein L8 (rpL8), whose expression is constant during development and independent of T 3 [26] .
PCR Southern blot analysis of tissues specific expression
Southern blots were prepared from PCR amplified cDNAs made of mRNAs from the limb, intestine, tail, and brain of stage 52-54 tadpoles treated with or without T 3 for 1 d [18, 27, 28, 29] .
The blots were hybridized with IU12 cDNA or rpL8 as a control.
Sequence analysis
Sequence homology searches were done by using the GCG program. For prediction of protein localization sites, the PSORT program (http://psort.nibb.ac.jp/form.html) was employed.
RESULTS
In an effort to study the molecular events underlying the thyroid hormone regulation of amphibian metamorphosis, we have previously performed a PCR-based subtractive differential screen to isolate genes which are regulated by T 3 in metamorphosing intestine [18] . This resulted in the isolation of over 20 small PCR cDNA fragments derived from genes whose mRNA levels were up-regulated in the intestine within 24 h of T 3 -treatment of premetamorphic tadpoles. In this paper, we focus on the cloning, sequence analysis, and developmental expression of one such T 3 -response gene, i.e., the gene IU12 [18] .
Cloning and sequence analysis of Xenopus IU12 cDNA
To determine the identity of the T 3 -response gene IU12, the small PCR fragment was used to screen a Lambda cDNA library made of intestinal mRNA. A cDNA clone with a 2.3 kb insert was thus isolated. Conceptual translation of the cDNA revealed the existence of an open reading frame encoding a polypeptide of 507 aa in length (Fig 1) . The existence of upstream in-frame stop colons indicates that the first methionine is the true amino terminus of the polypeptide. The cDNA has a 270 bp 5'-untranslated region and a 460 bp 3'-untranslated region. Interestingly, it lacks a consensus polyadenlylation signals, suggesting that the cDNA clone was derived from an alternatively polyadenlylated mRNA or due to the internal priming of the full-length mRNA by the dTn primer during the cDNA library construction. In agreement with this, the full-length mRNA is about 5 kb (see below), much longer than the cDNA insert. Thus, the full length mRNA most likely contains a very long 3'-untranslated region, like many other T 3 -response genes isolated from the metamorphosing Xenopus laevis [16, 19, 28, 30, 31] . Sequence analysis by using the PSORT (prediction of protein calization sites) program revealed the existence of 12 transmembrane domains (Fig 1A) , all of which are highly hydrophobic ( Fig 1B) . However, the protein has no N-terminal signal peptide [32] , suggesting that the amino terminus is located in the cytoplasm.
Sequence homology search showed that the predicted protein sequence is highly homologous to two proteins of unknown function but associated with cell activation (Fig 2) . Although both the predicted human E16 and rat TA1 proteins are much smaller than IU12 (241 aa for E16 and TA1 vs 507 for IU12), the overlapped region is highly conserved and contains 6 of the 12 transmembrane domain of IU12 (Fig 2B) . In addition, the IU12 polypeptide has over 82% identity (90% similarity) to both the human E16 protein [33] and rat TA1 protein [34] . Even at the cDNA sequence level, there is over 73% identity among the three genes. Thus, IU12 is most likely the homolog of the human E16 and rat TA1.
IU12 is regulated by T 3 in selective organs
IU12 was originally isolated from a subtractive cDNA library made of intestinal mRNA from premetamorphic tadpoles treated with T 3 for one day [18] . To determine whether IU12 can be induced by T 3 in other organs, RNA was isolated from the intestine, brain, hindlimb, and tail of premetamorphic tadpoles at stages 52-54 that had been treated with or without T 3 for one day. RNA was copied into cDNA using reverse transcripts, restricted to small fragments, ligated to a PCR-linker, and amplified by PCR. Southern blot hybridization was performed on these cDNAs by using IU12 as the probe (Fig 3) . Varying levels of IU12 mRNA were detected in different tissues. There were little or no detectable mRNA in the intestine or hindlimb, and a very low level in the brain. T 3 treatment led to a strong upregulation of the mRNA levels in the intestine and limb but only a small increase in the brain. Finally, relative high levels of IU12 mRNA was present in the untreated [rTA1, 34] . Only the sequences that differ from IU12 are shown for hE16 and rTA1. Dots indicated the missing residues. Note that hE16 and rTA1 only contain the region corresponding to the carboxyl end 241 aa of the IU12 and thus only 6 of the 12 transmembrane domains (TM7-12) present in IU12. However, it is predicted that the full-length hE16 and rTA1 are likely to have all 12 TMs (see Discussion). In the overlapped region, the three proteins share over 82% identities and 90% similarities.
tadpole tail and they were not changed by the hormone treatment. A hybridization with the control probe rpL8 indicated that rpL8 levels were independent of the treatment. Thus, the different levels of IU12 signals were not due to loading or PCR variations, and IU12 was responsive to T 3 only in selective organs.
Kinetic study of T 3 -induction in premetamorphic tadpole intestine demonstrated that the IU12 gene responded quickly to T 3 treatment in the intestine with its mRNA detectable as early as 8 hr after the addition of T 3 (Fig 4A) . Similar kinetics has been observed for many other direct T 3 response genes [28, 29, 30, 31] , including the Xenopus TRβ genes, which have been shown to be regulated at the transcription level by thyroid hormone receptors [24] . To determine whether IU12 by T 3 is di- was copied into cDNA by reverse transcription, restricted to small fragments, ligated to a PCR-linker, and amplified by PCR. Southern blot hybridization was performed on the cDNA using an IU12 or rpL8 probe, which served as a control for loading and PCR. Note that the smeary signals were due to the procedure used to generate the PCR-cDNAs, which resulted in the restriction of full-length cDNAs into multiple fragments (see references in Materials and Methods). The variation in the migration of the cDNAs is due to the variation in the construction of the cDNA templates from mRNAs of different organs for PCR and subsequent PCR amplication. However, the blot serves the purpose to determine whether IU12 is regulated by T 3 in different organs. It should be pointed out that two lines between the intestine and brain lanes were removed (for both the IU12 and rpL8 panels). This is because they contained cDNAs from the PCR amplification of cDNAs prepared from total RNAs not the poly A + RNAs as in the rest of the blot.
rectly regulated by TRs, tadpoles were treated with or without T 3 in the presence of protein synthesis inhibitors and RNA was isolated from the intestine for Northern blot analysis of the IU12 mRNA level (Fig 4B) . The results showed that the IU12 mRNA was up-regulated both in the presence or absence of protein synthesis inhibitors. However, the protein synthesis inhibitors alone also increased the IU12 mRNA level (Fig 4B) . Thus, the experiment failed to show whether IU12 regulation by T 3 requires new protein synthesis, and direct analysis of the IU12 gene promoter will be needed to prove whether IU12 is a direct T 3 -response gene.
Developmental regulation of Xenopus IU12 gene
To investigate whether IU12 expression is regulated during metamorphosis, RNA was isolated from total tadpoles at different stages from premetamorphosis (stages 50-54) to the end of metamorphosis (stage 66) with or without one day T 3 treatment. Northern blot analysis showed that IU12 was expressed throughout development (Fig 5) . T 3 treatment resulted in an increase in the IU12 mRNA level in premetamorphic tadpoles (stages 50-54) but had no effect on the mRNA level in stage 58 tadpoles. This was probably due the presence of high levels of endogenous T 3 at stage 58 or later [35] , thus additional exogenous T 3 would not significantly affect the animal development.
As different organs undergo distinct transformations during metamorphosis. It is possible that IU12 expression may be regulated in an organ dependent manner. Thus, to study the possible role of IU12 gene in development, we chose the intestine as a model system. The intestine is known to undergo drastic transformation during metamorphosis [6, 36] . The tadpole intestine consists of mostly a simple tubular layer of larval epithelium with little connective tissue or muscle. During metamorphosis, the larval epithelium undergoes programmed cell death or apoptosis [37, 38] . Concurrently, the adult epithelial cells and the cells of the connective tissue and muscle proliferate and differentiate to form the adult intestine with a multiply folded adult epithelium [39, 40] .
When the IU12 gene expression was analyzed in the intestine of Xenopus tadpoles at different stages, its mRNA was found to be present in the intestine at probe. All the lanes were from a s i n g l e N o t h e r n b l o t e x c e p t that two lanes (between stage 58 and 62 lanes) containing RNA from the intestine alone were removed for easy comparisons among different stages.
stage 45 (Fig 6A) when tadpole feeding just began [20] . The expression was then repressed to lower levels in premetamorphic tadpoles. Beginning around stage 58, the IU12 mRNA levels were up-regulated as intestinal remodeling began [6, 39, 40] . The mRNA reached high levels by stage 62, the climax of metamorphosis when larval epithelial cell death was near the completion and adult epithelial cells were actively proliferating. The mRNA then remained at high levels in postmetamorphic frog intestine (stage 66). These results suggest that IU12 is involved in larval intestinal degeneration and adult intestinal organogenesis.
IU12 expression during T 3 -induced intestinal remodeling
Thyroid hormone is known to be able to induce precocious metamorphosis when added to the rearing water of premetamorphic tadpoles [4, 5] . If IU12 is involved in the remodeling of the intestine, its expression during T 3 -included metamorphosis should mimic that during natural development. Therefore, we treated stage 54 tadpoles for 0-6 d with 5 nM T 3 , a concentration similar to the maximal plasma T 3 level at the climax of metamorphosis [35] . Total RNA was isolated from the intestine and IU12 expression was analyzed by Northern blot hybridization. Again, little IU12 mRNA was detected in control tadpole intestine and the IU12 mRNA was up-regulated after one day T 3 treatment and reached a peak level in the intestine after two days of T 3 treatment (Fig 6B) . The IU12 gene continued to be expressed, although at varying levels, throughout the rest of the treatment. Under our treatment conditions, intestinal remodeling, including length reduction and epithelial folding [22] , is known to take place. The observed IU12 gene expression profile during the T 3 treatment thus supports the suggestion that IU12 participates in adult intestinal development.
DISCUSSION
We have reported here the cloning and expression studies of a T 3 -response gene isolated from the metamorphosing intestine. Our major findings are 1) that the gene IU12 encodes a homolog of a mammalian protein that is associated with cell activation and 2) that IU12 expression in the intestine implicates a role during the development and function of adult frog intestine.
Xenopus IU12 encodes a plasma membrane protein with 12 transmembrane domains
Northern blot analysis shows that the longest IU12 mRNA is about 5kb in length, considerately longer than the cDNA clone that we have isolated. However, some shorter transcripts were detected, especially those about 2-3 kb in length and migrating in an agarose gel between the 18 S and 28 S rRNAs. These could be due to partial degradation of the full length mRNA or due to alternative polyadenylation. Thus, the 2.3 kb cDNA clone that we have isolated may be one such alternatively polyadenylated mRNA. Its lack of a consensus polyadenylation signal may account of the relatively low abundance of the mRNA around 2.5 kb in length compared to the full-length mRNA. Another possibility is that the cDNA clone was derived from internal priming by dTn during cDNA synthesis for the construction of the cDNA library. Regardless of the exact origin of the cDNA clone, it encodes a full-length polypeptide of 507 aa with 12 predicted transmembrane domains but without a signal peptide for secretion [32] . This makes the protein most likely a plasma membrane protein with its N-terminus and C-terminus both located in the cytoplasm.
The predicted peptide sequence shares very high degrees of identities with the human E16 [33] and rat TA1 [34] , suggesting that IU12 is Xenopus homolog of the mammalian proteins. However, the mammation proteins are much shorter, containing only the region corresponding to the last 241 aa of the IU12 polypeptide. On the other hand, a DNA sequence comparison shows that the IU12 cDNA sequence shares high levels of conservation in a 250 bp (out of the 311 bp 5'-UTR) region with the human El6 gene and in a 70 bp (out of the 202 bp 5'-UTR) region with the rat gene (data not shown). Further more, there is no in-frame stop codon upstream of the first initiation codon in either TA1 or E16 cDNA sequences. Finally, the human E16 and rat TA1 cDNA clones are about 4 kb and 2.8 kb, while their mRNAs are about 4.8 kb and 3.2 kb, respectively [33, 34] . Since it is uncommon for the 5'-UTR to be highly conserved, it is very likely that the reported sequences for human E16 and rat TA1 cDNA represent partial mRNA sequences. The full length cDNAs for the human and rat gene may encode proteins with 12 transmembrane domains just like the Xenopus IU12 gene.
IU12 is likely a direct T 3 -response gene
Thyroid hormone is believed to regulate amphibian metamorphosis by inducing a cascade of gene expression [2, 17] . The immediate early or direct response genes refer to those whose transcription is under the direct control of T 3 through TRs. Thus, their regulation by T 3 is expected to be fast and independent of new protein synthesis. The activation of IU12 is within the early reponse gene class [18, 29] , with its mRNA levels up-regulated within 4-8 h after the addition of T 3 to the rearing water of premetamorphic tadpoles. However, due to the up-regulation of its mRNA level by the protein synthesis inhibitors, we failed to determine whether the induction of IU12 by T 3 requires new protein synthesis. On the other hand, several T 3 -reponse genes with similar induction kinetics, eg. TRβ , stromelysin-3, and hedgehog genes [18, 28, 29] , have been shown to be up-regulated even in the presence of protein synthesis inhibitors. Furthermore, the Xenopus TRβ genes have been demonstrated to be directly regulated by TRs themselves [24] . Thus, it is quite likely that IU12 is also a direct T 3 -reponse gene.
A role of IU12 gene in intestinal remodeling and adult intestinal function
The IU12 gene has very little expression in premetamorphic intestine. The gene begins to be up-regulated around stage 58 in the intestine just at the beginning of intestinal metamorphosis. Similarly, during T 3 treatment of premetamorphic tadpoles, IU12 mRNA is up-regulated within one day and reaches a peak level after two days, prior to visible cell death in the intestine [19, 22] . This suggest that IU12 is involved in the degeneration of larval intestinal epithelium through programmed cell death. In addition, IU12 mRNA is abundantly expressed in the intestine at the climax of metamorphosis (stage 62), when active proliferation of the adult epithelial cells and cells of the connective tissue and muscles takes place. These high levels of expression persists in postmetamorphic frogs. Furthermore, IU12 expression, once induced, also persists throughout the T 3 treatment of tadpoles. These results argue for a role of IU12 in the formation of the adult intestine and maintenance of adult intestinal function in frogs.
How IU12 participates in intestinal remodeling remains to be determined. As a transmembrane protein, it may be involved in certain signal translation pathways that are associated with cell proliferation and/or cell death. In this regard, it is interesting to note that the human homolog E16 is associated with cell activation [33] and that the rat homolog TA1 is also associated with cell activation as well as liver development and carcinogenesis [34] . Thus, in addition to sequence homologies, these vertebrate transmembrane proteins also share conserved functions in cell proliferation and organ development. The expression of Xenopus IU12 during early stage of intestinal remodeling also implicates that if IU12 is expression in differentiated cell types such as the intestinal epithelial cells, it may facilitate cell death. Future studies on in situ localization of IU12-expressing cells and functional characterization should be able to test these hypotheses directly.
